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Extracting the beat:  An experience-dependent complex 
integration of multisensory information involving multiple 
levels of the nervous system




ABSTRACT:  In  a  series  of  studies  we have  shown that  movement  (or  vestibular 
stimulation) that is synchronized to every second or every third beat of a metrically 
ambiguous rhythm pattern biases people to perceive the meter as a march or as a 
waltz,  respectively.   Riggle  (this  volume)  claims  that  we  postulate  an  "innate", 
"specialized brain unit" for beat perception that is "directly" influenced by vestibular 
input.  In fact, to the contrary, we argue that experience likely plays a large role in the 
development  of  rhythmic  auditory-movement  interactions,  and  that  rhythmic 
processing  in the  brain is  widely  distributed  and  includes  subcortical  and  cortical 
areas involved in sound processing and movement.  Further, we argue that vestibular 
and  auditory  information  are  integrated  at  various  subcortical  and  cortical  levels 
along with input from other sensory modalities, and it is not clear which levels are 
most  important  for  rhythm  processing  or,  indeed,  what  a  "direct"  influence  of 
vestibular  input  would  mean.   Finally,  we  argue  that  vestibular  input  to  sound 
location  mechanisms  may  be  involved,  but  likely  cannot  explain the  influence  of 
vestibular  input on the perception  of  auditory  rhythm.   This  remains  an empirical 
question for future research. 
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IN his paper "A simpler explanation for vestibular influence on beat perception: No specialized unit 
needed", Riggle (this volume) misinterprets our papers (Phillips-Silver & Trainor,  2005, 2007, 2008; 
Trainor, 2008; Trainor et al., 2009) on movement-auditory interactions, and then presents evidence that 
he claims contradicts our findings.  However, nothing in his paper actually argues against any of our 
findings.  Because questions  related to the mechanisms of auditory-vestibular interaction – and their 
phylogenetic and ontogenetic origins – are of fundamental importance in understanding both auditory 
perception and musical  behaviour,  in this reply we will  engage  in a constructive  discussion of  the 
critical  question  concerning  whether  auditory-vestibular  interactions  for  rhythm  are  explained  by 
auditory-vestibular interactions for locating sounds in space.  But first it is necessary to set the record 
straight with respect to our experimental findings and our interpretation of the results.
In the series of studies cited above, we have shown that when played a metrically ambiguous 
auditory rhythm (i.e., one with no physical accents), both adults and infants can be biased to perceive it 
as a march (with perceived accents every second beat) or as a waltz (with perceived accents every third 
beat) by engaging them in rhythmic movement synchronized to every second or every third beat of the 
ambiguous  auditory  rhythm,  respectively.  Furthermore,  we  have  shown  that  stimulation  of  the 
vestibular nerve in such a way as to give rise to the sensation of head movement synchronized to every 
second or to every third beat of the metrically ambiguous rhythm (in the absence of actual movement) 
also  biases  metrical  interpretation  for  a  march  or  a  waltz.  We  therefore  conclude  that  rhythmic 
movement can influence auditory rhythm perception, and that the vestibular system appears to play a 
critical role in this interaction.
Riggle's article is centered on the claim that we postulate a "specialized brain unit" for "beat 
perception"  that  is  "directly"  influenced  by  vestibular  input.  The  first  point  to  note  is  that  our 
experiments do not simply concern "beat perception" but rather hierarchical metrical perception. And, 
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contrary to Riggle's claims, we do not discuss a "specialized brain unit" for "beat perception"; indeed, 
we  state  that  the  physiological  locus  of  the  interaction  between  auditory  and  movement  rhythms 
remains unknown,  and that auditory and vestibular information converges at various subcortical  and 
cortical areas (e.g., see Phillips-Silver & Trainor, 2008; Trainor et al., 2009). In fact, we believe that 
rhythm perception likely involves a fairly distributed process in the brain. Models of rhythmic motor 
production  involve  connections  between  a  number  of  brain  areas  including  the  cerebellum, 
supplementary motor area and premotor cortex (e.g., see Zatorre, Chen, & Penhune, 2007). And fMRI 
studies  clearly  show  that  the  presentation  of  auditory  rhythms  activates  dorsal  prefrontal  cortex, 
cerebellum and  basal  ganglia  in addition  to auditory  areas  (e.g.,  Chen,  Zatorre,  & Penhune,  2006, 
Grahn & Brett, 2009; Lahav, Saltzman, & Schlaug, 2007; Zatorre et al., 2007).  Furthermore, our MEG 
studies show that the presentation of isochronous auditory beats elicits oscillatory patterns in the beta 
and  gamma  bands  that  reflect  increases  and  decreases  in  neural  synchronization  between  regions 
(Fujioka, Trainor, Large, & Ross, in press).  
As for Riggle's statement that we claim a "direct" connection between vestibular and auditory 
input in rhythm perception, we are not even sure what a "direct" connection would mean for a complex 
task such as extracting the metrical structure of a rhythm pattern. Indeed, vestibular and auditory inputs 
interact  at a number of  levels,  both subcortically (e.g.,  dorsal  cochlear  nucleus;  Oertel  and Young, 
2004) and cortically (see Phillips-Silver & Trainor,  2007; Trainor  et al.,  2009 for discussions),  and 
other sensory systems such as vision also converge with auditory and vestibular inputs. (Perhaps Riggle 
misinterpreted our description of applying a small current behind the ears as "direct stimulation of the 
vestibular nerve" to mean that we thought we were "directly" stimulating a "specialized brain unit" for 
auditory  rhythm perception?)  In  our  2008 paper,  we  state  "Exactly  where  auditory  and  vestibular 
information is integrated in the nervous system remains a mystery,  although many projections  from 
brainstem to cortex have polymodal components (Link & Schwegler, 2000)". At this point, the only 
levels that can be clearly ruled out as contributing to the interaction are the inner ear and auditory and 
vestibular nerves because interactions occur here only if very high sound intensities are involved (Todd 
& Cody, 2000). What our experiments clearly show is that movement involving vestibular stimulation 
influences the interpretation of an auditory rhythm that is metrically ambiguous,  that is, an auditory 
rhythm that could be interpreted as a march or as a waltz, depending on whether every second or every 
third beat is perceived to be accented.
Riggle also claims that we postulate an "innate direct mechanism". However, nowhere do we 
claim that  the interaction between auditory  and vestibular  systems in processing  musical  rhythm is 
innate. In fact, we suggest that experience likely plays a large role in the development of the neural 
connections  that support auditory-vestibular interactions,  as infants experience concurrent  movement 
and sound from the onset of hearing. For example, caregivers rock infants while they sing or talk to 
them, and infants are typically carried for substantial  periods of time every day, during which they 
experience correlated auditory (e.g., sound of footsteps) and vestibular (e.g., movement of the walking) 
input.  Furthermore,  a  recent  study  indicates  that  the  degree  of  influence  of  movement  on  the 
interpretation  of  ambiguous  auditory  rhythms  in  infancy  is  affected  by  specific  experiences  in 
Kindermusik classes (Gerry, Faux & Trainor,  2008). At this point,  the relative effects of innate and 
experiential influence on auditory-movement interactions remain largely unknown.
In sum,  Riggle’s  statement  that,  if  beat  perception  originates  from body  movement,  “then 
[this]  implies  the  existence  of  a  specialized  function  in  the  brain  that  tracks  musical  beats  and  is 
directly influenced by vestibular system input rhythms” does not make sense.  Interactions between the 
auditory and vestibular systems in metrical perception in no way imply the existences of an "innate" 
specialized "brain unit" that is "directly" influenced by vestibular input. 
Now to the interesting part  of Riggle's paper.  He discusses research by Graybiel  (Clark & 
Graybiel, 1949; Graybiel & Niven, 1950), Lewald and Karnath (2001), and Suzuki (Suzuki et al., 2008) 
showing that in determining where sounds are coming from in space, the auditory system is influenced 
by vestibular input, just as the visual system is influenced by vestibular input when calculating where 
objects  are  located  in  space.  Indeed,  it  is  critical  to  use  vestibular  information  for  auditory  space 
perception. For example, consider the case of a stationary sounding object. If one moves one's head, the 
localization cues (particularly interaural time and intensity cues) change even though the object has not 
moved. So in order to correctly locate the object in space, it is necessary to use vestibular input to take 
out the effect of one's own head movement. This is nicely demonstrated by the studies cited by Riggle 
(and at the beginning of this paragraph) showing that perceived movement of one's body affects where 
sounds are perceived to originate. These studies find localization "illusions" when the system is tricked 
in its  perception  of  movement,  thereby  demonstrating  that  vestibular  information  normally  corrects 
sound localization for head movements. Indeed, Lewald and Karnath (2001) summarize their findings 
in their abstract by stating "…that vestibular information is taken into account by the brain for accurate 
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localization of stationary sound sources during natural  head and body motion".  Suzuki et al. (2008) 
show that  spatial  perception  of  objects  involves  interaction  between auditory,  visual  and  vestibular 
systems, and that visual information dominates over auditory information. This finding is not surprising 
since the visual system can more accurately locate objects in space than can the auditory system.
Riggle suggests that the results of our 2009 paper (Trainor et al., 2009) can be explained by an 
auditory-vestibular  illusion  for  the  sound location.  We will  first  discuss  why we think  that  this  is 
unlikely,  although  it  is  possible  that  this  effect  is  involved.  We  will  then  discuss  why  even  the 
involvement  of  auditory-vestibular  interactions  for  sound location  would in no way undermine  our 
conclusions that movement in general, and vestibular input in particular, influences auditory rhythm 
perception.
Riggle  suggests  that  when  the  vestibular  nerve  is  stimulated  in  the  absence  of  physical 
movement, as in our 2009 paper, it could give rise to a change in the perceived location of a sound.  If 
so, subjects could perceive different beats as coming from slightly different spatial locations and this 
could bias which beats they hear as accented, and hence whether they perceive the ambiguous rhythm 
as a march or as a waltz.  We think that this explanation is unlikely and, furthermore, even if true, it  
does not contradict our interpretation of our results. First, the location changes in question are not large, 
and spatial location is a rather weak cue for determining which beats are accented in music, the main 
auditory cues being duration, intensity and pitch (e.g., see Lerdahl & Jackendoff, 1983). Second, in our 
2007 paper (Phillips-Silver & Trainor, 2007) we presented adults with the ambiguous auditory rhythm 
in the free field, and in our 2005 and 2008 papers (Phillips-Silver & Trainor, 2005, 2008) we presented 
adults with the ambiguous auditory rhythm over headphones. In the case of the free field, no location 
illusion would be expected because the vestibular input would be congruent with subjects' self-induced 
bouncing movement, and the vestibular input would correct the changing cues to auditory location as 
they moved through space. In the case of headphones, there would be a mismatch between vestibular 
input as they moved and the auditory stimulus, which did not change as they moved because the sound 
source  at  the  headphones  moved with  them.  However,  the  influence  of  movement  on whether  the 
ambiguous auditory rhythm was perceived as a march or as a waltz did not differ significantly between 
free field and headphone conditions.  Furthermore,  whether or not participants  were blindfolded also 
made  no  significant  difference  (Phillips-Silver  & Trainor,  2005,  2007),  suggesting  that  conflicting 
visual  information  to  location  does  not  matter  greatly.  Therefore,  disambiguation  of  an ambiguous 
auditory rhythm does not appear to depend on whether or not a small sound location illusion might be 
present.
In  the  experiment  involving  stimulation  of  the  vestibular  nerve  (Trainor  et  al.,  2009),  no 
subjects reported hearing a location shift when we asked them what they heard. But even if a small 
location illusion was present and had an influence on the results, this in no way negates our conclusion 
that  vestibular  input  influences  the  auditory  perception  of  a  rhythm.  In  fact,  it  strengthens  it,  and 
suggests  that  the  interaction  between  musical  and  movement  rhythms  is  based  on  sound  location 
mechanisms, which are presumably evolutionarily ancient.  Unfortunately, we do not know where the 
critical interaction between systems takes place for musical rhythm, or indeed if there is more than one 
critical area. Riggle seems to suggest that auditory-vestibular interactions for location information are 
based on low-level mechanisms. However, space perception is rather complicated, and although some 
cues to object location,  such as interaural  time difference,  are known to be processed in subcortical 
structures, the cortex is needed for space perception, as is evidenced in patients with cortical lesions 
(e.g., Clarke et al., 2002). 
Although sound location mechanisms might be an attractive basis for the interaction between 
vestibular and auditory rhythms, one further piece of evidence argues against it.  Mammals in general 
are of course good at locating objects in space using vision and hearing in interaction with vestibular 
input to deal with effects of body movement on location cues.  Although we know of no such studies, it 
would be very surprising if these animals did not show the location illusions that people show when 
tricked about their perceived self-movement,  as integration of vestibular and auditory information is 
necessary  for  locating  sounds  in  space.  Yet  very  few species  are  capable  of  entraining  rhythmic 
movement to an externally provided auditory beat. Indeed, it appears that this ability is only present in 
vocal learners such as cockatoos, seals and elephants (Schachner, Brady, Pepperberg, & Hauser, 2008), 
suggesting  that  flexible  rhythmic  entrainment  may  require  mechanisms  for  vocal  imitation.  Thus, 
although  vestibular-auditory  interactions  for  sound  location  might  play  a  role  in  the  influence  of 
rhythmic movement on perceived auditory rhythm, it is unlikely to be the whole story.  
In  summary,  we  do  not  postulate  a  "specialized  brain  unit"  for  rhythm that  is  "directly" 
influenced by vestibular input.  Rather, our data are consistent with the claim that movement in general, 
and  vestibular  stimulation  in  particular,  affect  the  interpretation  of  metrically  ambiguous  auditory 
rhythms in humans. Whether or not auditory-vestibular mechanisms for sound location play a role in 
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this interaction is an empirical question for future research.
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